This paper describes the installation and management of the monitoring system of the "Our Lady of Tears Shrine" in Syracuse, whose dome is an imposing r.c. and prestressed r.c. structure of about 22,000 ton that was seismically isolated by flat sliding devices with hysteretic dampers. The monitoring system, representing an upgrading and improvement of an old system never made working, has some innovative features, because it allows to manage with the same dedicated hardware and software both the slow (thermal variations, relative humidity, wind direction and velocity) and the fast acquisitions (dynamic vibrations by wind and earthquake). The monitoring system was inserted among those structures maintained and controlled by the Seismic Observatory of Structures of the National Department of Civil Protection. Some records of low magnitude earthquakes allowed to validate the correct behaviour of the whole structure, as well as to make a dynamic identification of the complex construction and to calibrate a detailed finite element model of the Sanctuary, thus predicting isolators' behaviour under design earthquake.
Introduction
In the last decades, a lot of existing or new constructions located all over the world have been object of seismic isolation interventions, aiming to passively control their structural behaviour. The efficacy of such interventions has been tested during recent real ground motions, as well as within laboratory and in-situ testing campaigns. This technology is now recognized as allowing struc-On the other hand, the new monitoring technologies have now a fundamental role in the structural field and have been progressing by supporting and helping the research through the use of more and more accurate and cheap instrumentations and methodologies: the structural monitoring represents an increasingly accessible reality, so that it can be considered one of the most important mean of decision support [7] [8] .
In its first applications, the need of a structural monitoring derived from the need to determine the safety conditions of historical constructions. At national level, during the last years of the twentieth century, the first case studies were relative to monumental buildings, as a consequence of a rediscovery of the Italian architectural heritage. Nowadays, the application field of the structural monitoring is extended to all the civil engineering constructions, from the transport infrastructures (bridges, dams, galleries, etc.) to the strategical buildings. Such a spread is due to multiple reasons: the technological progress in terms of sensors and data processing; the need to get more information on how a structure behaves, so reducing the uncertainties on its safety; the potentialities in the framework of the emergency management during catastrophic events; the local and/or global real-time control of the structure.
A structural monitoring system is able to acquire (in continuous, if necessary) the values assumed by some significant quantities, to warn appointed technicians on possible anomalies or the overcoming of defined threshold values, and the consequent automatic activation of alarm procedures and/or of suitable emergency measures. These technologies must allow to obtain all those information which points out a damage, an unexpected response or a change in the structural behaviour, and, if necessary, they must provide significant data concerning the environmental input. From the knowledge of these information derives the possibility to actuate eventual maintenance interventions, before the latters become very onerous in economic terms.
The static monitoring is addressed to observe the slowly variable quantities, as those related to thermal variations and meteorological phenomena: in spite of the greater simplicity with respect to the dynamic monitoring, it has huge potentialities, as happens when the data related to wind actions are acquired. The results of the static monitoring allow to the designer to get useful indications for a correct analysis of the structural behaviour.
The most important innovations have been achieved in the framework of the dynamic monitoring, directed to observe rapidly variable physical quantities.
Such a kind of system can be designed in different ways, according to the desired objectives: the dynamic characterization of the monitored structure, the assessment of the time varying response of the structure, the transmission of a seismic Some years ago, the Italian National Seismic Service (SSN) started an important project, called Seismic Observatory of Structures (OSS), representing a complex network of structures properly selected on national scale, which include a continuous monitoring system able to provide useful experimental data and to transmit alarms in case of seismic events: bridges, public constructions as hospitals, city halls, churches, schools, isolated structures, etc. [9] . In the specific case of the isolated structures, the monitoring system allows to control the performance of the installed isolators. The OSS network is managed by a central computer, located in the SSN headquarters, where the recorded data flow in real-time: these data are automatically processed in a preliminary phase, and afterwards published on internet. Therefore, the OSS Project is able to provide to the academic and professional community all the data needed to evaluate the real response of a structure in exercise, to verify the performance of a control system installed on the monitored structure, etc. The goal of the OSS Project is that a monitoring system is able to return a picture of the structure, which is updated over time, and allows to determine an estimate of the resources needed to reduce the seismic risk. On the other hand, the OSS network provides the opportunity to compare the real constructions with the ideal project, whenever a check of the existing constructions' safety is required according to the new codes.
Seismic Isolation of the Sanctuary's Dome

Description of the Structure
The "Our Lady of Tears" Shrine (see Figure 1 ) is an imposing structure made up of r.c. and prestressed r.c. [10] [11], which was designed in Syracuse (Italy) by Prof. Riccardo Morandi. Over the foundations and the Crypt, the Upper Temple was erected toward the end of the Eighties. The upper structure is able to contain up to 11,000 people over an area of about 4000 m 2 . The Upper Temple is characterized by a huge dome having truncated-conical shape: according to radial symmetry, the dome consists in 22 sub-vertical ribs with a V-shaped cross-section whose arms have 20 cm thickness and variable length along the vertical development. The r.c. dome develops for 70.30 m from the top of 22 vertical columns rising from the Crypt's foundations, up to the top of the covering (Figure 2 ). The 22 ribs are horizontally connected through eight annular rings with a decreasing diameter along the height: the main prestressed concrete base ring immediately above the columns, an intermediate ring at elevation 16.10 m from the base of the dome, and other six rings placed at a constant distance of 8.40 m along vertical direction. Then, 19 external cantilevers depart from the main base ring: each of them represents the covering of a chapel, whose floor is suspended to the corresponding cantilever by means of eight steel tendons (Figure 3 ). The prestressed concrete base ring is able to absorb the horizontal thrust due to the dome's weight, and to counteract the torsional moments determined by the Open Journal of Civil Engineering 
Seismic Isolation of the Sanctuary's Dome
The structural design was developed according to the Italian seismic code operative at the time of its construction. Figure 3 ). The retrofit intervention implied a new static scheme of the dome that allowed only the radial displacements caused by thermal variations, while making possible tangential displacements controlled by the elasto-plastic dissipative behaviour of the steel elements under severe earthquakes. The first attempt to make the above substitution one bearing at a time, by locally raising the imposing dome by means of hydraulic jacks installed at the bearing position, induced excessive stresses in the prestressed concrete base ring; the second attempt to raise the whole dome by simultaneously activating 44 jacks produced a cracking state because the position of the jacks was too eccentric with respect to the bearings; the third and final attempt made possible to raise the whole dome by the simultaneous operation of 114 jacks. The weight of the dome measured during the raising phase come out to be about 227,800 kN, and, after the bearings' substitution, while the lowering of the dome by simultaneous unloading of all the jacks [15] [16] permitted to estimate the vertical stiffness of the new devices.
Continuous Monitoring of the Sanctuary
Why a Structural Monitoring System?
One year before the end of the construction (in 1994), the Acceptance Committee required the installation of a properly designed structural monitoring system of the Sanctuary, because the bearing devices needed an accurate check: their inadequate operation could have caused a variation of the overall structural scheme together with the rise of unexpected stresses, thus compromising the structural reliability and the public safety. Besides, it was considered necessary to monitor the structural response to seismic inputs, being the Sanctuary was located in one of the Italian zones with highest seismic risk. The acceptance test of the monitoring system was begun in June 1998, but it never started. Only after the execution of the seismic isolation intervention of the dome, the monitoring system was really activated through a maintenance and updating intervention. The new updated monitoring system is devoted to control the structural behaviour and the new antiseismic bearings, under the action of environmental loadings and seismic excitation. The "Our Lady of Tears Shrine" was then included in the constructions' network monitored within the OSS project [17] .
The Monitoring System Installed on the Structure
After the seismic retrofit intervention, the updating of the monitoring system of the Sanctuary was redefined in order to allow the integrated and simultaneous management of the static, dynamic and metheorological channels; the acquired data are stored in three proper directories according to the kind of acquisition strategy, and transferred by a remote access to FTP areas and e-mail addresses. 
Monitoring System's Architecture
The architecture of the monitoring system singles out the following five sub-systems ( Figure 11 ): 1) Power supply system for sensors.
2) Digital acquisition system.
3) Data management and storage system. 4) Remote management system. 5) System for management of power supply to peripheral devices and back-up module.
The power supply (sub-system 1) for sensors consists in two units: that one for dynamic transducers has two conditioners, each for 16 channels; that one for static sensors is able to supply 24 measurement transducers.
Two acquisition boards (DAQ-sub-system 2), each having 32 channels, represent the digital dynamic acquisition system. They acquire all the data corresponding to the measured physical quantities with a sampling frequency and an The system for management and storage of the data (sub-system 3) has three components: i) a HP server, equipped with Vibrotest software, for the configuration and the data logging of recorded data; ii) a Network Attached Storage (NAS) unit for back-up of data; iii) a dedicated software for antivirus protection and back-up of data.
An ADSL router and a firewall for accesses protection are also included (sub-system 4). This system is able to automatically transfer the data and trans- The System includes a Uninterruptible Power System (UPS-sub-system 5), that is able to provide electrical energy to the system, with an autonomy of at least 30 min.
The Vibrotest software installed on the server is organized according to three data acquisition strategies, each storing files in pre-defined directories:
-"Threshold" acquisition strategy. DAQ n˚1, connected to the accelerometers, is programmed to continuously record when a seismic event occurs and exceeds a pre-defined threshold value, the latter being modifiable by the software; data from the LVDT transducers are also recorded with the same sampling frequency of accelerations. Besides the threshold value, that can be simultaneously settled for 3 different channels, it is possible to modify the acquisition frequency, the pre-trigger and post-trigger time values.
-"Periodical" acquisition strategy. DAQ n˚2 is programmed to store every 6 hours the mean values, computed on a 60 sec time interval, of the signals provided by the displacement transducers, the thermo-hygrometers and the barometer.
-"Continuous time" acquisition strategy. DAQ n˚2 is also programmed to record, over a 10 minutes period, the mean value and standard deviation of the signal produced by the tachy-gonio-anemometer, the minimum and maximum wind velocities and the percentages of time the wind blows from a direction falling within the 16 sectors of wind rose.
Data Processing of the "Periodical" Acquisition Strategy
This section shows the processing of data recorded by the "periodical" acquisition strategy during two long time intervals: February-March 2012 and October-March 2013. As specified in paragraph 3.2, the radial and tangential relative displacements in the seismic isolators (i.e., the relative displacements between the column top and the correspondent point at the intradox of the base ring) are measured by the columns ③, ⑨, ⑭ and ⑳ placed at the cardinal points. The transducers' range is ±150 mm in tangential direction and ±200 mm in radial direction, and the positive sign of the measurements is assumed so that: Open Journal of Civil Engineering
• an increment of radial displacement recorded by the sensor corresponds to an outward dome displacement with respect to the column (that is, an expansion of the dome); • an increment of tangential displacement recorded by the transducer corresponds to a clockwise dome displacement in plan, with respect to the column.
As regard the thermo-hygrometers, 4 of them are installed close to the displacement transducers, while the fifth is mounted at the top of the structure. As easily expected, when the temperature increases, the dome and consequently the prestressed base ring expand, but, vice versa, they contract when the temperature decreases. Compared to the restraint condition in radial direction, the Sanctuary's dome is free to move under thermal variations, less than the contrast action exercised by the friction force in the isolators. If the dome was free to move in space, the radial deformation ε r ∆T would be equal to:
where R = 34 m is the radius of the base ring, ∆R is the radius' variation, As this behaviour is prevented by the friction reaction of the isolators, the dome's base ring is subjected to a coaction state characterized by a compression axial force for positive thermal variations.
The maximum force F a developed by the isolators (static friction force) is estimated by considering a steel-teflon friction coefficient equal to 1%:
where: n = 22 is the number of bearings, W = 220,000 kN is the total weight assumed for the dome.
The maximum values assumed by the coaction p and the deformation ε e correspond to the achievement of forces F a in the isolators:
Accordingly, in the condition when the dome is constrained towards its sliding, the elastic deformation is equal and opposite to the thermal one; the thermal variation ∆T s responsible of the dome's sliding can be deduced by equating the above deformations (elastic and thermal): 
The value p max is equal to ±10 N/mm and determines the maximum stress of ±350 kN. Figure 13 shows that the dome's behaviour under the effect of temperature is not perfectly symmetric: although radial deformations at the monitored columns have the same trend during the time interval, for some columns the above deformation is higher (Figure 13(a) ), and small tangential displacements are also recorded ( Figure 13(b) ). This can be due to lightly non-uniform distribution of temperature ( Figure 13(c) ) between measurement points and to the structural asymmetry both in terms of isolator's reaction and friction coefficient.
The following theoretical expression, which links the radial displacement to the temperature gradient, is obtained by Equation (7):
This relationship can be compared to experimental outcomes, obtained by plotting the variation of radius ΔR as function of ΔT (Figure 14 
Data Processing of the "Continuous Time" Acquisition Strategy
The "continuous time" acquisition strategy is devoted to survey the physical quantities relative to the wind blowing outside the dome: it is possible to know not only the intensity wind parameters (minimum and maximum values, mean value and standard deviation of wind velocity), but also its direction within the wind rose. On the other hand, a certain amplification of vertical accelerations is shown along the height due to inner flexibility of the isolation system: the maximum value at the intermediate ring and at the top of the structure are comparable, i.e.
in the order of ±0.003 g.
Dynamic Identification and Analysis of the Isolated Structure
Description of the FE Model of the Sanctuary
The Upper Temple of the Sanctuary has been modelled through the Finite Element Structural Analysis Program SAP2000 [18] : this model considers the truncated-conical dome with its geometrical and structural complexity, the isolation system and the columns below ( Figure 20 ).
The reinforced concrete columns are modelled by 22 "beam" elements having variable cross-section and uniformly distributed along the perimeter of the Upper Temple. The 22 antiseismic bearings installed on the columns are modelled by non-linear "nllink" elements, each of them connecting a point at top of the column that corresponds to the isolator's center (i.e., bonded to the isolator's barycentre by a "body" constraint), to the relative point at the base of the dome.
The "nllink" elements have the following properties:
• in vertical direction, an elastic stiffness is considered which represents the experimentally measured bearings' vertical stiffness k v,n = 9000 kN/mm [15] ;
• in radial direction, a friction link defined through a friction coefficient of 1%, equal to the experimental value determined for the sliding of a steel surface It is worth to point out that, for low intensity earthquakes, unless the inertia force developed in the superstructure reaches the friction static resisting force at the isolation level, the isolation system represents a fixed restraint for the dome with respect to the columns. Therefore, the isolation system is activated only when the seismic intensity determines the sliding of the dome on the teflon surfaces.
The two straight parts of the 22 externally cantilevered ribs, having V cross-section and developing from the prestressed base ring to the second-last ring at the top, are simulated by "shell" elements of thickness 20 cm. 
Application of Simple Dynamic Identification Techniques
The analysis of the signals recorded during the recent seismic inputs (see § 3.6) allowed to apply some dynamic identification techniques [21] of the examined worship structure under environmental excitations (Operational Modal Analysis-OMA). A careful examination of the radial and tangential acceleration components at the same elevation but projected along a common direction, shows that both signals are in phase and characterized by the same vibration frequency. Figure   24 shows the components of the radial and tangential accelerations measured at Each signal has been processed in the frequency domain, as follows: • a low-pass filter has been applied with a cutoff frequency of 20 Hz;
• only the part of signal containing the effect of excitation has been analyzed (i.e., pre-trigger and post-trigger time intervals, defined within the acquisition strategy, have been deleted), to the aim of reducing the influence of noise on the successive analysis of frequency content;
• the "windowing" technique (having Hanning type operation) has been ap- since a phase change is observed at the top of the dome with respect to lower levels (sign variation of the real to imaginary parts in Figure 26 and Figure 27 ) the resulting mode shape corresponds to a second flexural mode, as shown in Considering that, except for a small mass eccentricity in one direction, the structure is polar-symmetric and the experimental results show a resonance at 2.9 Hz in both the radial and tangential directions on all measurement points, it is possible to deduce that this frequency corresponds to the first flexural mode in the two main orthogonal directions with the presence of a small torsional component in one of these. For the same reason, it can be deduced that the frequency 3.8 Hz corresponds to a second mode where the torsional component can be roughly estimated due to only one measurement point at the top of the dome.
Calibration and Validation of the FEM Model
The experimentally deduced dynamic properties have been used to calibrate the numerical model of the Sanctuary and to validate it afterwards. Even if the FEM model accurately reproduces the complex geometry of the structure as described in Paragraph 4.1, there are two main parameters affected by some degree of uncertainties in the calibration job, besides an unavoidable uncertainty on the real constraint conditions among several structural elements. The first parameter is the unknown young modulus of concrete E c , which influences the overall stiffness: compared to the design value of the compressive strength R ck = 35 MPa, the crush tests performed during the construction of the structure provided quite higher mean and maximum strength values (R cm = 60 MPa and R c,max = 90 MPa, respectively). As reported in [22] , E c can be estimated in the range between 35.000 and 45.000 MPa corresponding to compressive strengths of 35 and 90 MPa, respectively. The maximum value, i.e. 45,000 MPa, has been assumed in the numerical model. The second parameter is represented by the total mass of the dome due to the contribution of the 19 chapels suspended to the cantilevered box-section members, assuming all remaining structural elements been accurately modelled in terms of geometry and weight. A total mass of 21.890 t has been considered, i.e., lower than the value 22.780 t returned by the hydraulic jacks system during the rising of the dome [15] . The gap between these two values is due to the in- A rough estimate of displacement at top of the structure has also been provided. At isolation level, displacement transducers didn't record any relative displacement between the dome and the columns. Since displacement measurements were not available along the height, acceleration signals recorded at the A satisfactory matching between the numerical and the experimental model was obtained, considering the problem arising from both the complex dynamic behaviour of the structure and the low level of assumed excitation with a remarkable effect of noise.
Numerical Analysis under the Design Earthquake
After calibrating the Sanctuary's FEM model, the structural behaviour under the action of the design earthquake has been investigated. According to Italian latest seismic provisions [23] , the isolated structure has to be verified at Ultimate Limit
State with an earthquake having 5% probability of exceedance during the reference life. The design spectrum has been defined assuming a nominal life of 50 years and a use class III (important structure) for a rock soil type (class A).
Non-linear dynamic analyses have been carried out by assuming as seismic input seven couples of accelerograms compatible with the defined spectrum ( Figure   32 , Table 2 ), generated by the software REXEL v. 3.5 beta [24] .
A first set of analysis has been performed on the complex numerical model by applying at the base two different scaled components of Irpinia earthquake (eq. When the structural response is known from at least 7 couples of accelerograms, the Italian Code allows (cfr. § 7.3.5 NTC) to calculate the demand as the mean value of the most unfavourable effects obtained from the analyses ( Table   3 ). The maximum isolators' displacements are shown for each analysis case. It is worth to point out that the isolated structure exhibits an isolation period of T is = 1.4 s, and an equivalent damping ξ eq equal to 15% under the most severe earthquake (Izmit).
The results of the analyses demonstrated that, according to the actual regulations providing a PGA around 0.4 g, the isolators, originally designed according to OPCM 3274 (2003) and OPCM 3431 (2005) for a PGA = 0.2 g, are not adequate, even if they were largely oversized at time of design. In tangential direction, the devices have a displacement demand of 19 cm, higher than maximum capacity (±15 cm), while in radial direction the displacement capacity can be deemed adequate (±20 cm).
Conclusions
The proposed work proves the effectiveness and feasibility of the seismic isolation technology applied to an existent imposing and complex worship structure.
The need of substituting the pre-existent bearings and the need to enhance the global seismic behaviour of the structure, led to design and install new seismic sliding bearings, made of elasto-plastic dissipative elements. The intervention consisted in rising the whole dome (whose mass is higher than 22,000 t) through the simultaneous operation of 114 hydraulic jacks, by allowing to reduce the seismic forces acting on the dome thus considerably reducing the internal stress at the base of the columns. The isolation intervention involved a modification of the structural static scheme, by enabling the movements in tangential direction at the dome's base, while they were formerly blocked. Considering this, it was properly agreed to activate the monitoring system yet installed in the Sanctuary but not in operation. The new monitoring system includes an apparatus for the dynamic acquisition of 64 channels, the signal conditioners, a server continuously connected to Internet and a UPS device able to ensure the automatic shut-down and the re-start of the system during a black-out. The monitoring system's management is handed to properly designed software using three acquisition strategies ("threshold" for the dynamic/seismic monitoring, "periodic" to monitor the thermal and environmental variations, "continuous time" to acquire wind velocity and direction). The above system provides the remote access and the automatic transfer of data, particularly to the Italian Seismic Observatory of Structures (OSS) of the Department of Civil Protection (DPC).
Thanks to the analysis of the acquired data, it was possible to draw some important considerations on the structural behavior and to calibrate a complex FEM model. The latter has then been used to predict the response of the dome and the isolation system under the effect of the design earthquake. Open Journal of Civil Engineering vention of dome's raising, substitution of the bearings and final lowering of the dome. The authors would also thank Boviar s.r.l. as well as INDAPRO s.r.l., which were the companies responsible of the upgrading and reactivation of the monitoring system of the "Our Lady of Tears Shrine" and of providing the new acquisition system and software, respectively. The system's management and maintenance was performed by the National Seismic Service of the Italian Department of Civil Protection within the network "Seismic Observatory of Structures", which is also gratefully acknowledged.
